INTRODUCTION
Two types of virus RNA are synthesized in infected cells during the replication of influenza virus. These are either of identical (vRNA) or complementary (cRNA) nucleotide sequence to the virus genome (Nayak & Baluda, I968; Scholtissek & Rott, I97o) . Evidence has been presented (Pons, i972 ) that cRNA is associated with polysomes and so probably represents messenger RNA. vRNA would be expected to be incorporated into newly formed virus particles, and some evidence has been obtained that it may also have a messenger function (Siegert, Bauer & Hofschneider, I973) .
Treatment of host cells with inhibitors such as actinomycin D and mitomycin C, or u.v. light, all of which interfere with DNA function, has been shown to inhibit the replication of influenza virus (Barry, Ives & Cruickshank, I962; Barry, I964; Rott, Saber & Scholtissek, I965; Nayak & Rasmussen, I966) . These studies suggest that the nuclei of infected cells are involved in some aspect of virus replication. This possibility is strengthened by the finding of virus-specific structural and non-structural proteins associated with the nuclei as well as the cytoplasm of infected cells (Breitenfeld & Schafer, I957; Dimmock, I969; Taylor et al. I97O; Lazarowitz, Compans & Choppin, I97I) . In addition, Krug (I972) has recently reported a distribution of virus ribonucleoprotein complexes between nuclear and cytoplasmic fractions. Finally, Kelly, Avery & Dimmock (I974) have demonstrated conclusively the inability of fowl plague virus to replicate in enucleate cells. It is important, therefore, to determine the specific subcellular location of virus-specific RNA during replication.
Gandhi, Bell & Burke (I97t) have proposed a model for influenza replication which requires that vRNA synthesis is a nuclear event and that cRNA is made in the cytoplasm. An investigation of the type of RNA found at a particular subcellular location would aid in discriminating between alternative models for virus replication.
Using hybridization techniques, I have looked for virus-specific RNA in nuclear and cytoplasmic fractions of chick embryo cells at various times after infection with the fowl plague Rostock strain of influenza virus. In this report, I present evidence on the specific subcellular location of distinct types of virus-specific RNA. was discarded. All buffers in the fractionation procedure were sterilized and saturated with diethyl pyrocarbonate, and the fractionation carried out at 4 °C.
Preparation of chick cell ribosomes for RNA extraction. Cells were washed with TNE buffer (IO mM-tris, I5o mM-NaCI, 5 mM-EDTA, pH 7"4) and resuspended in the same buffer containing 0"5 ~ Triton X-loo (Sigma Chemical Co. Ltd). Dounce homogenization (I5 strokes) with a tight-fitting glass homogenizer was used to break the cells, and the resultant suspension was spun at 8ooog for IO min. The supernatant fluid was retained and spun at I4OOOOg for I h to pellet ribosomes.
Preparation of RNA. For extraction of RNA, ribosomes, cells or viruses were suspended in o.oi u-sodium acetate, o.oI M-NaC1, o.ooi M-EDTA, pH 5"2. SDS was added to 2 along with an equal vol. of water-saturated, redistilled phenol containing o.i ~ 8 hydroxyquinoline. After vigorous shaking the aqueous phase was collected by low-speed sedimentation. Phenol extraction was continued until no denatured protein interface was visible between aqueous and phenolic layers. Five ether extractions were then carried out. Nucleic acid was precipitated overnight at -2o °C by addition of 20o #1 of 2 M-NaC1 and two vol. of ethanol. In the case of cellular RNA preparations the precipitated nucleic acid was taken up in o.oI M-tris, 0"05 M-NaCI, 0.002 M-MgCI~, pH 7"5, and treated with lo #g/ml of DNAase (Sigma Chemical Co. Ltd) for I h at room temperature. Further cycles of phenol and ether extractions were then carried out, followed by precipitation at -2o °C.
Sephadex chromatography. A rox ~ cm Sephadex G25 column was used to separate high and low tool. wt. labelled RNA species. Elution was with 0.02 x SSC (SSC is o'I5 MNaC1, o'oi5 u-sodium citrate, pH 7"0) and I ml fractions were collected. Nitrocellulose filter detection ofpoly A sequences. RNA samples in 0"5 M-KC1, IO mMtris, ~ mu-Mg acetate pH 7"4 were filtered slowly through nitrocellulose filters (Sartorius Membranfilter, Gottingen, West Germany) at 4 °C. Filters were then washed with 50 ml of the same buffer at 4 °C, before assay of radioactivity.
Hybridization. Radioactively labelled RNA preparations were dissolved in 0.02 x SSC and denatured by heating at 98 °C for 4 rain and then rapidly brought to 6 x SSC and 65 °C. When appropriate unlabelled virus RNA was added at this stage. Samples were taken immediately and after the required incubation period into water at 37 °C to bring the salt concentration to I x SSC. Pancreatic and T1 ribonucleases (Sigma Chemical Co. Ltd, London) were added to 50 #g/ml and I7o units/ml respectively, and digestion was allowed to proceed for 2o rain at 37 °C. The reaction was stopped by addition of 250 #g of yeast RNA and an equal vol. of ice-cold IO ~ TCA. Other samples were precipitated without prior enzyme digestion to determine the total TCA-precipitable radioactivity. Precipitates were collected on cellulose acetate filters (Millipore Ltd, London) and washed twice with cold 5 ~ TCA and twice with cold ether. The filters were dried under an infrared lamp and assayed for radioactivity. 
RESULTS

Characterization of the hybridization assay
The assay of annealing used in this study depends on the ability to discriminate enzymically between double-stranded and single-stranded RNA. Experiments with a variety of enzymes under various conditions established that 5o/zg, of pancreatic RNAase and I7o units of Ta RNAase per ml in SSC (o'I5 M-NaC1, o'oi5 M-sodium citrate, pH 7"o) at 37 °C were optimal for this purpose. 
8~
show that the conditions selected were also suitable for the RNAs to be analysed. Consequently, RNA was prepared from fowl plague virus-infected chick embryo cells labelled for 3 h in the presence of actinomycin D. Under these conditions only virus-specific RNA would be expected to be labelled. The RNA was subjected to cellulose chromatography, as described in Methods. Nucleic acids eluted in the STE/~ 5 ~ ethanol fraction, which was expected to contain single-stranded RNA, were precipitated by the addition of two vol. of ethanol and yeast carrier RNA, and redissolved in SSC. The nucleic acids in the STE fraction, which was expected to contain double-stranded RNA, were passed through the column twice more before being precipitated. RNAase digestion of influenza RNAs prepared in this way is shown in Fig. 2 . The STE fraction is clearly composed of RNAaseresistant material, that is double-stranded RNA which is not degraded by the enzymic conditions employed. Conversely, single-stranded influenza RNA present in the STE/I5 ethanol fraction is completely sensitive to the same treatment. The result presented in Fig.  I and 2 shows that the conditions described may be generally applicable for discriminating between double-and single-stranded RNA molecules.
Determination of the time course of hybridization of influenza RNA
It is necessary to establish a set of conditions under which hybridization will proceed to completion in any given assay. Incubation at 65 °C in 6 x SSC was chosen as providing conditions which would give a good rate of reaction while not causing extensive degradation of the RNA sample. Fig. 3 (open circles) shows the annealing of RNA prepared from chick embryo cells infected with influenza virus and labelled from 4 to 6½ h post-infection in the presence of 5/tg/ml of actinomycin D. The reaction is essentially complete after 2 h of incubation. In this and subsequent experiments no more than I/tg of infected cell RNA (the bulk of which is chick cell RNA) was ever used. Increasing the concentration of RNA should increase the rate of reaction. Fig. 3 (closed circles) shows the hybridization of the same RNA sample after the addition of an excess (40 #g) of unlabelled virus RNA. The reaction is complete by I h in this case. As there is no decrease in hybridization with time of incubation (Fig. 3) , double-stranded RNA hybrids are clearly stable under the hybridization conditions used. In order to determine whether the ability of single-stranded RNAs to form hybrids is reduced by such treatment, influenza virus RNA was incubated alone under identical conditions for 5 h. Following this treatment, the incubated vRNA formed hybrids at a rate and to an extent indistinguishable from that shown in Fig. 3 .
In order to estimate the efficiency of the hybridization process under these conditions, the hybrids produced by self-annealing for 2 h were isolated by three successive cycles of cellulose chromatography, as previously described. RNA prepared in this way was denatured and incubated again under hybridization conditions for 2 h. The RNAase resistance was then determined and was 9 r %. All incubations were routinely carried out for 4 h to ensure completion of annealing.
Determination of the major type of RNA in a mixture of c and vRNA
In Fig. 3 addition of excess unlabelled virus particle RNA reduced the hybridization to 5o ~ of its previous value. This occurs because the added unlabelled vRNA rapidly hybridizes to all the labelled cRNA present in the sample, to the exclusion of the labelled vRNA. Consequently, assuming equal labelling of c and vRNAs, when addition of cold vRNA reduces the level of hybridization to 5o ~ of its previous value, then either the sample contains equal amounts of labelled c and vRNA or labelled vRNA is present in excess. Conversely, when the amount of labelled RNA forming hybrids with unlabelled vRNA is greater than 5o ~ of that forming hybrids in its absence, cRNA must be in excess in the labelled sample. In this latter case it is possible to estimate the proportions of c and vRNA strands.
The time course of synthesis of virus RNAs in fowl plague virus-infected cells
Chick embryo cells were infected with fowl plague virus at 20 p.f.u./cell and pulselabelled with [5-aH]-uridine for I½ h at various times post-infection in the absence of actinomycin D. Cells were harvested and RNA extracted. The labelled RNA was either selfannealed or annealed in the presence of unlabelled vRNA. The hybridization obtained is shown in Fig. 4 as a function of the time post-infection. Values are plotted at the midpoint of the pulse times. At early times, hybridization with added vRNA is greater than 5o ~ of the self-annealing, indicating that cRNA strands are synthesized in excess. By 5 h post-infection, however, vRNA synthesis is predominating. This can be best illustrated by plotting the percentage of cRNA strands being synthesized at various times post-infection, as is shown in Fig. 5 -The plateau at 5o % indicates an excess of labelled vRNA and results from the nature of the assay, as described earlier. 
The time course of synthesis of virus RNA in nuclear and cytoplasmic fractions of influenza-infected cells
Chick cells were infected with fowl plague virus at zo p.f.u.[cell and pulse-labelled with [5-3H]-uridine for r h at various times post-infection in the absence of actinomycin D. Cells were harvested and fractionated into nuclear and cytoplasmic fractions, as described in Methods. RNA was prepared from these fractions and annealed either in the presence or absence of added unlabelled vRNA. Fig. 6 shows the hybridization of cytoplasmic RNA as a function of the time post-infection. Early in infection synthesis of cRNA strands appears to greatly exceed that of vRNA, as shown by the annealing obtained with added unlabelled vRNA. Later in infection the disparity is less, but cRNA synthesis would appear to predominate always in the cytoplasm. Fig. 7 shows the corresponding curve for the hybridization of nuclear RNA fractions at various times post-infection. At early times v and cRNAs are found in the nucleus, with cRNA apparently present in excess. However, from 3½ h post-infection onwards the proportion of vRNA rises, as shown by the increased self-annealing compared to that with added unlabelled vRNA. Theoretically, the value of the annealing obtained in the absence of added vRNA should not exceed twice the value of that in its presence. However, this is patently not the case, and this observation will be discussed later.
Poly A sequences
If cRNA does act as messenger RNA, it might be expected to contain poly A sequences in common with other mRNAs (Ehrenfeld & Summers, i972; Gillespie, Marshall & Gallo, 1972; Pemberton & Baglioni, I972; Sheldon, 5urale & Kates, 1972 ). This possibility was tested by investigating the binding of this RNA to nitrocellulose filters under conditions which favour the binding of ribonucleotides containing poly A (Lee, Mendecki & Brawerman, 197I; Rosenfeld et al. I972; Bhaduri, Raskas & Green, I972) . Table I shows the binding obtained with various ribonucleotides.
[l¢C]-labelled poly A and a fraction containing [a2P]-labelled Semliki Forest virus 26S RNA were kindly supplied by Dr C. Clegg. Chick ribosomal RNA was prepared as described in Methods.
[a2P]-labelled influenza vRNA was prepared from radioactive virus, a gift from Dr N. J'. Dimmock. Fowl plague virus-specific intracellular RNA was prepared by infecting cells with the virus and allowing growth to proceed for 2½ h. Actinomycin D at 5 #g/ml was then added followed by [5-aH]-uridine I h later. Cells were harvested at 6 h post-infection and RNA was extracted. The RNA was chromatographed on Sephadex G25, as described in Methods, to remove TCA-soluble material. All the polynucleotides used in the binding experiments were found to be IOO ~ TCA-precipitable. In order to estimate the proportion of cRNA, and hence the expected degree of binding to nitrocellulose filters, self-annealing of the virus-specific intracellular RNA was carried out. 34 % of this RNA self-annealed, indicating that at least 17 % of it must represent cRNA. This value was confirmed by annealing with added excess unlabelled vRNA. As Table I shows, this amount of binding was not obtained even after denaturation of the virus-specific intracellular RNA by heating at 98 °C for 3 min. Comparison with the binding obtained with ribosomal RNA and virus particle RNA which would not be expected to contain poly A sequences, would suggest that these sequences are absent from influenza RNAs synthesized during infection.
DISCUSSION
Early in infection with influenza virus the synthesis of cRNA predominates in the infected cell, while by 5 h post-infection vRNA is the major labelled RNA type. This pattern of RNA synthesis, with the synthesis of cRNA preceding that of vRNA, has also been observed by Scholtissek & Rott (x97 o) and Krug (I972) . Krug presented evidence that synthesis of cRNA has stopped completely by 4 h post-infection. This is not borne out by the present study, where both types of RNA are still found at 8 h post-infection.
This paper attempts to describe the synthesis of RNA in nuclear and cytoplasmic fractions of influenza-infected chick cells as a function of time. In order to obtain sufficient quantities of radioactive influenza RNAs to be detectable against the background of chick RNA synthesis, it was necessary to label for periods of I h. With these time intervals it is possible that radioactivity detected in a particular fraction may have been synthesized elsewhere and then transported to accumulate in the fraction in question. This is unlikely, as distinct distributions of RNA were detected at all times in nuclear and cytoplasmic fractions and these distributions changed with time in a related way. In addition, as discussed below, the results indicate the apparent movement of unlabelled cRNA. Consequently this possibility is not considered further in the following discussion.
Investigation of influenza virus RNA synthesized in the cytoplasm has shown that the vast bulk of the early synthesis of cRNA is occurring here. Even late in infection cRNA synthesis predominates in the cytoplasm, at a time when there is an overall excess of vRNA being made. This suggests that the synthesis of vRNA must be concentrated elsewhere. Hybridization of nuclear RNA preparations from infected cells confirmed that vRNA is in excess in this fraction from 6 h post-infection onwards. The data in Fig. 7 show that at 6, 7 and 8 h post-infection the addition of unlabelled vRNA reduces self-annealing to less than 5o % of its former value. This can only be explained if the self-annealing represents annealing of excess labelled vRNA with both labelled and unlabelled cRNA. The unlabelled cRNA must have been synthesized before the addition of isotope for pulse-labelling, indicating that cRNA is quite stable. Self-annealing also increases with time, while the amount of labelled cRNA (detected by hybridization with added unlabelled vRNA) remains constant. Thus the amount of unlabelled cRNA in the nucleus is increasing. As the cytoplasm represents the major site of cRNA synthesis it is reasonable to suggest that this is the source of the unlabelled cRNA appearing in the nucleus.
On the basis of the evidence presented above it is possible to construct the following model for the topology of influenza replication. Firstly, the RNA of infecting virus particles enters the cytoplasm. There is evidence for this from Ghendon et al. (197o) stage cRNA (which may already have served as messenger RNA) enters the nucleus to become the template for the synthesis of virus particle RNA. The release of completed virus particles from the cell must be rapid compared with release of vRNA from the nucleus, as large amounts of vRNA are not found in the cytoplasm at this time.
One observation made in the present study and by Krug (I972) and not explained by the above model is the early cytoplasmic synthesis of vRNA. This occurs at a time when no infectious virus is being released, and it may represent an amplification of the input virus RNA to increase the number of templates available for messenger RNA synthesis. This RNA although of the same sense as vRNA may not represent the complete genome or even complete subgenomic segments. If this were so it could explain why the vRNA synthesis necessary for infectious virus cannot also occur in the cytoplasm, but takes place instead in the nucleus.
The involvement of the nucleus in influenza replication which is reported here cannot explain the effect of actinomycin D on virus replication. Actinomycin D completely prevents virus replication if added during the first 2 h of infection, well before significant nuclear vRNA synthesis is found. Gregoriades (I97o) has reported that the synthesis of influenza RNA is prevented by actinomycin D added at any time after infection, and Pons (I973) found the same for cRNA. These observations are not supported by the present study, in which infected cell RNA labelled in the presence of actinomycin D was found to be capable of self-annealing and annealing with added unlabelled vRNA. The effect of actinomycin D on the synthesis of RNA in fowl plague virus-infected cells is currently under investigation.
No poly A sequences were found associated with influenza cRNA, confirming the preliminary report by Rochovansky & Pons (I974) . This may explain the relative insensitivity of influenza replication to the drug cordycepin (Mahy et aL 1973) . Of the viruses examined only reovirus messenger RNA has previously been found not to contain these sequences (Ward et aL I972) . The fact that viruses whose replication is entirely cytoplasmic, such as vesicular stomatitis virus (Ehrenfeld & Summers, I972 ) and Sendal virus (Pridgen & Kingsbury, I972) have messenger RNAs containing poly A while influenza does not, suggests that transport across nuclear membranes is not a primary function of these sequences. In addition both reo and influenza viruses have segmented genomes, which may also be significant. Perhaps poly A is involved in transcriptional control which is achieved by the segmentation of the genome in these viruses.
